Intra-atomic exchange couplings (IEC) between 5d6s and 4f electrons are ubiquitous in rareearth metals and play a critical role in spin dynamics. However, detecting them in real time domain has been difficult. Here we show the direct evidence of IEC between 5d6s and 4f electrons in gadolinium. Upon femtosecond laser excitation, 5d6s electrons are directly excited; their majority bands shift toward the Fermi level while their minority bands do the opposite. For the first time, our first-principles minority shift now agrees with the experiment quantitatively. Excited 5d6s electrons lower the exchange potential barrier for 4f electrons, so the 4f states are also shifted in energy, a prediction that can be tested experimentally. Although a significant number of 5d6s electrons, some several eV below the Fermi level, are excited out of the Fermi sea, there is no change in the 4f states, a clear manifestation of intra-atomic exchange coupling. Based on our results, we propose that the demagnetization time of a material be inversely proportional to the density of states at the Fermi level and the excited, not the whole, spin moment. This can be tested experimentally.
I. INTRODUCTION
Both GGA+SO and GGA+SO+U calculations are performed, and our results (density of states and magnetic moments) are fully consistent with the prior investigations 6,7 . All the GGA+SO+U results, U and J values, and other details are presented in the supplementary materials.
To investigate laser-excited dynamics, we solve the Liouville equation of motion for the density matrices ρ at each k point
where H is the Hamiltonian and consists of two terms, one is for the system and the other is for the interaction between the laser and system. We choose the velocity gauge and the p · A(t) operator, where p is the momentum operator and A(t) is the vector potential of the laser field in the unit of Vfs/Å. We consider a circularly polarized laser pulse propagating along the −z axis (see Fig. 1 ). Our laser has a Gaussian shape with duration τ = 48 fs and photon energy ofhω = 1.6 eV. In the traditional Liouville formalism 41 , once the density is obtained, one can directly compute the spin moment by tracing over the product of the density matrix and spin operator. However, doing so misses the important impact of the excited states on the system itself and disregards the relaxation of the band structure 42 .
For each time step, we feed the excited density back into the Kohn-Sham equation and perform a self-consistent calculation under a constraint excited potential where the electron occupation is held fixed. This allows the excited state to create a new potential for the entire system, so electrons, not directly excited optically, are affected as well. This proves to be the key step to our method (for details see Ref. 42 ). This also partially overcomes the weak demagnetization in time-dependent density functional theory 30 . We should note that none of the current theories is able to reproduce the same amount of the spin moment reduction under the same experimental condition. Our TDLDFT theory represents a small step forward by introducing a spin-scaling functional, so the excited state spin information is fed back into the density 43 .
III. RESULTS AND DISCUSSIONS
Figure 2(a) shows an ultrafast reduction in the spin moment under left (σ − ) and right (σ + ) polarized light. The laser helicity affects the amount of the reduction. σ + reduces more due to the selection rule 19 . Figure 2 (b) shows the energy absorbed into the system during laser excitation. For the same laser parameter, Gd absorbs more energy than fcc
Ni. Since our laser photon energy is 1.6 eV, the major excitation is within 5d6s electrons around the Fermi level. The fast response is mainly due to the 5d electrons. This can be seen clearly in the partial density of states for 5d electrons in 29, 36, 37 . This shift is larger than that for the majority state since the minority channel above the Fermi level has a larger phase space and can easily receive electrons while the majority channel has a big gap between 0 eV and 0.7 eV (see Fig. 3(a) ). found that the exchange splitting depends on the laser fluence. The stronger the fluence is, the larger the shift in bands becomes. Considering these differences, the agreement between the theory and experiment is very satisfactory and gives us confidence in our method 42 .
A that at 193 fs after the laser pulse peaks, both the majority and minority peaks are shifted to a high energy side, and the partial density of states changes its shape. The majority band shifts by 1.1 eV while the minority shifts 0.63 eV. As a result the spin polarization is reduced.
Wietstruk et al. 45 detected this trend, but their data were noisy and not accurate enough to make a comparison with our theory. We should point out that the large shift in 4f states is mainly due to the overestimated itinerancy of the 4f states in the density functional theory (both LDA and GGA levels) 8 . The enhanced 4f itinerancy increases the intraatomic exchange interaction, so the shift in the 4f state becomes larger. The supplementary materials show a smaller shift in 4f states under GGA+SO+U approximation since U term pushes the 4f states away from the Fermi level and the intra-atomic interaction between 4f and 5d6s states is reduced. Had we adopted the rigid band approximation, the 4f energy level would never have been changed.
We can prove that there is no direct excitation of 4f electrons. Importantly, at 4f states, there is no population loss (see Fig. 4(b) We propose an alternative relation that the demagnetization time should be proportional to
where µ x refers to the spin moment of the excited electrons, not all the electrons, and
is the density of states at the Fermi level. Quantitatively, the 3d density of states in Ni at its Fermi level is about 1.5 states/eV 35 and the spin moment is 0.6µ B , while in Gd, the 5d density of states in Gd is about 0.3 states/eV and the spin moment of 5d is about 0.58 µ B . According to Mathias et al. 54 , the demagnetization time for Ni is 157 fs, so this gives the demagnetization time for Gd, 785 fs. This differs from Wietstruk's results by 35 fs, well within their pulse duration of 100 fs 55 . Given that these two experiments use entirely different techniques, this quantitative agreement is truly gratifying, and should be tested in other systems. Physically, the above expression appears to be more reasonable since it is consistent with the basic theory of fundamental excitation in metals. If there is low density of states at the Fermi level, the relaxation among the electrons themselves is going to be slow. In half-metals such as CrO 2 , one channel is shut off, so the relaxation must be slow 56 .
Very recently, Frietsch et al. 29 reported two different dynamics for 5d (800 fs) and 4f electrons (14 ps). This is fully expected since 4f electrons have nearly zero density of states at the Fermi level and are indirectly excited through the intra-atomic exchange interaction.
The short time dynamics is associated with the 5d6s electrons. While an extensive study on this is beyond the scope of this paper, we propose to measure the density of states in those prior samples and reexamine those experimental results 57 .
IV. CONCLUSION
Our time-dependent first-principles calculation has shed new light on how intra-atomic exchange correlation develops in Gd after laser excitation. It starts with the 5d6s electrons because of their proximity to the Fermi level. Because of differences in their phase spaces, the majority and minority 5d6s electrons respond differently: The majority band shifts toward the Fermi level, while the minority moves away from the Fermi level. Our theory now agrees with the experimental results 36 qualitatively and even quantitatively for the minority bands. To the best of our knowledge, this has never been attempted. The excited 5d6s electrons not only affect themselves, but also generate a new potential for optically inaccessible 4f electrons, so 4f states feel the impact of laser excitation. We find that the 4f -density of states changes its original shape, also seen in Co 44 , and shifts its position as well, a prediction that must be tested experimentally. Although 5d6s electrons are excited intensively, there is no change at 4f states, a hallmark of the intra-atomic exchange correlation. Our study represents a beginning and is expected to have a broad impact on future research. In par- 
